 ODM-204 is novel nonsteroidal dual inhibitor of both androgen receptor and CYP17A1 enzyme, showing promising pharmacological properties both in vitro and in vivo in prostate cancer models.
 Inhibition of androgen production in vivo in rats and cynomolgus monkeys was seen with ODM-204.
 These results suggest ODM-204 may have therapeutic potential for the treatment of CRPC patients
Abstract:
We report the discovery of a novel nonsteroidal dual-action compound, ODM-204, that holds promise for treating patients with castration-resistant prostate cancer (CRPC), an advanced form of prostate cancer characterised by high androgen receptor (AR) expression and persistent activation of the AR signaling axis by residual tissue androgens. For ODM-204, has a dual mechanism of action. The compound is anticipated to efficiently dampen androgenic stimuli in the body by inhibiting CYP17A1, the prerequisite enzyme for the formation of dihydrotestosterone (DHT) and testosterone (T), and by blocking AR with high affinity and specificity. In our study, ODM-204 inhibited the proliferation of androgen-dependent VCaP and LNCaP cells in vitro and reduced significantly tumour growth in a murine VCaP xenograft model in vivo. Intriguingly, after a single oral dose of 10-30 mg/kg, ODM-204 dose-dependently inhibited adrenal and testicular steroid production in sexually mature male cynomolgus monkeys. Similar results were obtained in human chorionic gonadotropin-treated male rats. In rats, leuprolide acetate-mediated (LHRH agonist) suppression of the circulating testosterone levels and decrease in weights of A C C E P T E D M A N U S C R I P T
Introduction
Prostate cancer (PCa) is the most common cancer and among the three leading causes of cancer deaths in men in the United States [1] and in Europe [2] . Even if the 5-year survival rate of patients with localized prostate cancer is high, the prognosis for those patients (10-20%) who develop castration-resistant prostate cancer (CRPC) within that 5-year follow-up period is poor [3] . The androgen receptor (AR) signaling pathway plays a major role in PCa, and androgen deprivation therapy (ADT) by surgical or chemical castration is the standard treatment for patients with advanced PCa. Most of the patients initially respond to androgen deprivation therapy, but eventually their cancer progresses and develops into a more aggressive form of the disease. In recent years several clinical trials have shown that the castration-resistant growth is driven, to a large extent, by continued AR signaling, and CRPC remains sensitive to androgens because of sensitization and amplification of AR [4] [5] [6] [7] [8] [9] . Thus, hormonal manipulation with AR blockers or steroid biosynthesis inhibitors reducing the activity of AR-mediated pathway [10] , remains the core of CRPC treatment.
Although castration leads to very low levels of circulating testosterone, androgens are still present in the prostate cancer tissues at clinically relevant concentrations, sufficient to activate AR and promote tumour growth [11] . These androgens are most likely synthesized by adrenal glands [12] regulated by the hypothalamic-pituitaryadrenal axis and/or via intratumoral de novo steroidogenesis. Synthesis of testosterone and dihydrotestosterone (DHT), the primary androgens, requires a cascade of oxidative enzymes, one of the key enzymes being CYP17A1, catalyzing two essential steps in the steroidogenic pathway, namely 17-alpha-hydroxylation and 17,20-lyation in the endoplasmic reticulum. CYP17A1 inhibitors have been designed for the treatment of prostate cancer with an androgen-dependent disease. So far, the only CYP17A1-inhibitor approved for clinical treatment of men with CRPC is the small molecule inhibitor Zytiga® (Abiraterone), which has been shown to exhibit a significant overall survival benefit of 4.6 months and objective tumour responses in up to 60% of patients in a postchemotherapy phase III study [13] . Currently, only one drug candidate inhibiting CYP17A1 is in clinical trials, namely VT-464 (Viamet Pharmaceuticals). VT-464 is shown to be a selective C17,20-lyase inhibitor [14] , and it is currently studied in a
phase I/II trial in patients with CRPC (EudraCT number: 2011-004103-20). Recently, one phase III study with CYP17A1 inhibitor galeterone, ARMOR3-SV (galeterone compared against enzalutamide) with AR-V7-positive patients was discontinued after a data monitoring committee determined that the trial was unlikely to meet its endpoint. Galeterone claimed to be a multi-targeted steroidal agent and demonstrated to be of being a potent selective CYP17A1 inhibitor and a potent AR antagonist [15] in nonclinical studies. However, the mechanisms of the anticancer effects of galeterone are not completely understood [16] . In addition, a second-generation AR antagonist, Xtandi® (enzalutamide), [17] has been approved for the treatment of metastatic CRPC. In a phase III trial, enzalutamide significantly increased overall survival by 4.8 months [18] , decreased the risk of radiographic progression and death and delayed the initiation of chemotherapy in male patients with metastatic PCa [19] . Also, several other AR antagonists are under development, apalutamide (ARN-509) and darolutamide (ODM-201) being the most advanced ones with on-going phase III trials [20, 21] . ODM-204, the compound described in the present study, is a novel nonsteroidal compound designed to inhibit the CYP17A1 enzyme and to block AR mediated signaling at the receptor level, specifically developed for the treatment of CRPC. Effects on the growth of prostate cancer cell lines (VCaP and LNCaP) and on steroidogenesis in testicular microsomes and in an adrenocortical tumour cells (H295R) were used as in vitro models. In vivo, the effects of ODM-204 on AR dependent signaling and androgen biosynthesis were studied in primates and rodents, and its anti-tumour properties were assessed in a VCaP xenograft mouse model. On the basis of this preclinical data phase I/II clinical (DUALIDES) was initiated with metastatic CRPC (Figure 1 ).
Materials and methods

Chemicals
ODM-204, abiraterone and galeterone were synthetised by Orion Pharma. Several of antiandrogen series were evaluated using structural models of androgen receptor and CYP17A1, to find whether a typical cytochrome heme binding moiety, like imidazole or pyridine derivatives, could be incorporated into their structures without losing the antiandrogen activity. For five of these compound series a number of such imidazole and pyridine derivatives were synthesized, and the series to which ODM-204 belongs was chosen for further optimization because it exhibited the most balanced inhibition of both targets. Synthesis is provided in detail as a supplemental material (Supplement 1). Stock solutions of testosterone (Fluka), DHEA and A-dione (Sigma-Aldrich) for mass spectrometry (MS) standards were prepared in 100% methanol. For in vitro and in vivo functional assays testosterone was purchased from VCaP, AR-HEK293, HS-HEK293, DU-145, and H1581 cells were cultured as described previously [22] . H295R cells were cultured in a mixture (1:1) of DMEM and F12 Nutrient mixture supplemented with 2.5% Nu-Serum, 100 UI/ml penicillin, 100 µg/ml streptomycin, 2 mM GlutaMAX, and certain additives (insulin, transferrin, selenium, BSA and linoleic acid) in the form of ITS+Premix (1%, BD Biosciences). LNCaP cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 100 UI/ml penicillin, 100 µg/ml streptomycin, HEPES (10 mM) and sodium pyruvate (1 mM) and 2 mM of GlutaMAX. Corresponding phenol red-free media supplemented with steroid-depleted FBS were used in AR activity assays. If not otherwise stated, cell culture reagents were purchased from Gibco. Cells were grown in a humidified incubator with 5% CO2 at 37 °C.
Inhibition of CYP17A1 in vitro
Formation of 17α-hydroxyprogesterone from progesterone was tested using human, monkey, and rat testicular microsomes. 3 H-labeled acetic acid was studied with the human adrenal cortex cell line H295R, which has been shown to express all the key steroidogenic enzymes [23] . Cells were seeded on poly-D-lysine 96-well plates (Corning) and incubated overnight at +37º C before starting the assay. Different concentrations of ODM-204, abiraterone, and galeterone were added on cells in four replicates. Immediately thereafter, 3 H-labeled 17-α-hydroxypregnenolone was added to each well resulting in a final concentration of 3 nM and cells were incubated overnight at +37 ºC, 5% CO2.
To determine the inhibitory effect of the test compounds, we measured the amount of 3 H-labeled acetic acid [24] , in the supernatant samples. This was accomplished by extracting all steroids from the reaction mixture with dextran-coated charcoal suspension [24] , adding two volumes of scintillation liquid (OptiPhase Supermix, PerkinElmer) to each sample, and determining radioactivity with a microplate counter (1450 MicroBeta Trilux, Liquid Scintillation & Luminescence Counter, Wallac) the next day.
AR antagonism
AR antagonism of ODM-204 was studied with previously described assays [22] . Briefly, Ki values were determined by letting the test compounds compete against a radio ligand, [ 3 H]mibolerone, in cytosolic lysates from ventral prostates of castrated rats. AR-HEK293 cells, expressing full-length AR (pSG5-hAR) and an androgenresponsive reporter gene construct (pcDNA3.1/GRE2-TK-Luc) were used in transactivation studies and AR-dependent luciferase activity was measured with a
Centro LB 960 microplate luminometer (Berthold Technologies) using a luciferase assay system (Promega Corporation) according to the manufacturer's instructions.
Finally AR nuclear translocation was tested in in a cell clone of AR-HEK293 having over 5-fold overexpression of AR. Cells were treated with ODM-204 or enzalutamide together with testosterone for 4 hours. Fixed cells were incubated with polyclonal AR antibody conjugated with Alexa Fluor® 488 (Santa Cruz, sc-816, dilution 1:75) and DNA was labeled with DAPI (Sigma, 1 µg/mL). The images were analysed with a NucTrans V3 assay algorithm (Thermo).
VCaP and LNCaP proliferation assays
Androgen-responsive VCaP (AR overexpression) and LNCaP (AR mutation T878A) PCa cells were treated with an previously optimized concentration of mibolerone (0.06 nM for VCaP and 0.3 nM for LNCaP) and increasing concentrations of ODM-204 in steroid-free medium. After 4-day incubation with the compounds, cell viability was measured using a WST-1 assay (Roche), according to the manufacturer's instructions. To rule out other than AR-mediated toxicity, AR-negative prostate cancer cells (DU-145) and lung cancer cells (H1581) were treated with an increasing concentration of ODM-204, and cell viability was measured as described above (Supplement 2).
Inhibition of Testosterone, DHEA, and A-dione production in H295R cells and measuring the steroids by LS-MS/MS
Metabolism of the main adrenal androgenic hormones (A-dione, DHEA, and testosterone) was studied in detail using a human adrenal cortex cell line H295R. Cells were seeded (60 000 cells/well) on poly-D-lysine 96-well plates (Corning) and incubated overnight at +37 ºC, 5% CO2 before starting the assay. Different concentrations of ODM-204, abiraterone, and galeterone were added on cells in duplicates. Media were collected and concentrations of testosterone, DHEA, and Adione were determined by an ultra-performance liquid chromatography and tandem mass spectrometer.
The method was performed in terms of specificity, sensitivity, calibration range, precision, and accuracy. The calibration range of the method was 0.05-100 ng/ml for testosterone and A-dione, and 1-500 ng/ml for DHEA. The sample preparation was carried out by using liquid-liquid extraction. An aliquot of acidified medium was extracted using ethyl acetate:hexane (20:80, v:v) . The analytes were isolated with gradient elution in an Acquity UPLC® BEH C18, 100 x 2.1 (1.7 µm) column followed by an electrospray ionisation and detected using the selected reaction monitoring by UPLC-MS/MS. For quantification of testosterone, DHEA, and A-dione, an internal standardization based on peak area ratios was used.
The quantitative analyses of ODM-204 in monkey plasma, the plasma samples were prepared by liquid-liquid extraction and analysed with a triple quadrupole mass spectrometer (Waters Acquity UPLC-TQD). The analyte was detected using selected reaction monitoring and quantified by external standardisation. The calibration range of the method was 0.5-3000 ng/ml and the lower limit of quantification (LLOQ) was 0.5 ng/ml. All in vivo studies were conducted in accordance with EU legislation ( 
Inhibition of CYP17A1 in rats in vivo
The effect of a single oral dose of ODM-204 (3, 10, 30, or 100 mg/kg) on the testosterone production was studied in intact male rats (8 weeks of age, 234-297 g HsdRCCHanWist, Harlan, The Netherlands: n=5/group). Animals were housed in IVC-cages, with aspen chips as a housing material, maximum 3 animals/cage, a temperature and humidity-controlled room (22±2 °C) with a 12h:12h light/dark cycle. Water and standard rodent diet available ad libitum. For comparison, reference compounds abiraterone and galeterone were also studied in the assay with the dose of 30 mg/kg. Test compounds were orally administered, followed one hour later by intramuscular (i.m.) injection of the hCG (Chorulon, 100 U/kg). Two hours after the hCG dosing, blood samples were taken from tail vein, and serum was separated by centrifugation. Serum testosterone concentrations were determined by ELISA kit (Demeditec Diagnostics, Germany) according to the manufacturer's instructions. Repeated dosing: Sprague Dawley male rats (6 weeks of age, 200-241g in the beginning of the study); Harlan, The Netherlands: n=9/group. Animals, were housed in IVC-cages, with aspen chips as a housing material, maximum 3 animals/cage, a temperature and humidity-controlled room (22±2 °C) with a 12h:12h light/dark cycle. Water and standard rodent diet were available ad libitum. Rats were treated with a single dose of the LHRH agonist leuprolide acetate (Enanton®, 0.525 mg/animal), and 7 days later an oral administration with ODM-204 at doses (10, 30, or 50 mg/kg/day) was initiated and continued for 14 days. After the treatment period serum testosterone levels and weights of androgen-sensitive tissues were measured. A group of rats was also castrated, under isoflurane inhalation anaesthesia, carprofen were used for postoperative pain relief, to compare the effects of surgical castration and chemical castration induced by the LHRH agonist. The effects of treatments on the weights of prostate (ventral and dorsolateral), seminal vesicles, testis, adrenal gland and liver were determined. In addition, the effects of treatments on pituitarygonadal axis and steroid synthesis pathways were evaluated by analysing
testosterone, LH, cortisol, estradiol, progesterone, and ACTH concentrations in serum.
Testosterone radioimmunoassay and LH immunofluorometric assay were performed using previously described methods [25, 26] . ACTH was measured as a part of the MAP rat pituitary magnetic bead panels (Milliplex) and steroid /thyroid hormone magnetic bead panel (Milliplex), were used for cortisol, estradiol, and progesterone.
VCaP xenografts
In intact or CRPC VCaP models Hsd:Athymic Nude-Foxn1nu male mice ( 
Statistics
For in vitro data (if not otherwise stated) were analyzed with GraphPad Prism 7 (software version 7.03) to obtain Ki and IC50 values. In vivo murine data were analysed with SPSS 19.0 Statistical Package (SPSS Inc., Chigaco, IL, USA). Data were reported as the mean ± SEM for each group. In rat and mouse efficacy studies one-way-analysis of variance (ANOVA) was used to evaluate statistically significant differences (p<0.05) between treatment groups. If significant differences were found, Dunnett's post hoc t-test was carried out. In monkey PK/PD study plasma hormone results were expressed as percentages of the mean pre-treatment values (mean of values 72, 48, 24h before dosing), because it is well known, that plasma hormone levels variate a lot among individuals, and in addition circadian rhythm and possible stress mediated variation may cause effects.
Results
ODM-204 inhibits CYP17A1 in vitro
The inhibitory effect of ODM-204 on the CYP17A1-mediated hydroxylation required for the formation of 17α-hydroxyprogesterone from progesterone was analyzed using testicular microsomes. The IC50 values for ODM-204 were 22, 11, and 92 nM for human, monkey, and rat testicular microsomes, respectively. The corresponding IC50 values for human monkey and rat for abiraterone were 1. 
A C C E P T E D M
A N U S C R I P T
ODM-204 is a potent androgen receptor antagonist
In a competitive AR binding assay, the inhibition constant (Ki) value for ODM-204 was 55 nM, whereas the corresponding Ki value for galeterone was 780 nM. Abiraterone was found to show only 13% inhibition at a 30 µM concentration, and therefore, no Ki value could be determined. For enzalutamide, the Ki value was 86 nM ( Figure 3A) . The most potent AR binding compounds, ODM-204 and enzalutamide, were further tested with transactivation assays in AR-HEK293 cells stably expressing full-length human AR and an androgen-responsive luciferase reporter gene construct. ODM-204 was a potent and full antagonist for human AR with an IC50 value of 80 nM. In this assay, enzalutamide had an IC50 value of 220 nM, suggesting that ODM-204 has a higher AR antagonist potency than enzalutamide ( Figure 3B ). Immunocytochemical labelling with an anti-AR antibody in AR overexpressing HS-HEK293 cells was used to investigate the effect of ODM-204 on the subcellular localization of AR. In this model, in the absence of the AR-ligand immunofluorescence is predominantly cytoplasmic and treatment of cells either with testosterone or bicalutamide induces nuclear translocation of AR. On the contrary, both ODM-204 and enzalutamide were equipotent in inhibiting the testosteroneinduced nuclear translocation of AR ( Figure 3C ).
ODM-204 significantly inhibits steroid production in intact rats
To study the potency of ODM-204 in vivo, we studied serum testosterone concentrations after oral administration of ODM-204 at doses 3, 10, 30, and 100 mg/kg in intact hCG induced male rats (n=5). The study showed that serum testosterone levels were significantly (***p<0.001) decreased by all doses of ODM-204, as with the reference compounds, abiraterone and galeterone by the studied dose of 30 mg/kg (Figure 4) . Furthermore, both surgical and chemical castration (LHRH agonist) significantly decreased the weights of androgen-sensitive organs (seminal vesicles and ventral and dorsolateral prostates) in rats. ODM-204 was observed to potentiate the inhibitory effects of an LHRH agonist on androgensensitive parameters by further decreasing serum testosterone levels and reducing the weight of androgen-sensitive organs in male rats (figure 4). The treatments had no effect on the weights of adrenal gland or liver, nor did they affect the amount of cortisol or estradiol in serum or adrenocorticotropic hormone (ACTH) in plasma (data not shown). ODM-204 (60 mg/kg/day) and abiraterone acetate (33.7 mg/kg/day), both with a combination of the physiological dose of glucocorticoid supplement prednisone (2 mg/kg/day p.o.), were also further studied in the CRPC VCaP model in orchidectomised animals. The dosing was started when tumors started to re-growth after the orchidectomy. ODM-204 significantly (p<0.05) inhibited VCaP CRPC tumor growth, whereas abiraterone acetate did not show any efficacy in the model ( Figure  5E and F).
3.5 ODM-204 decreases T and DHEA levels and shows favourable pharmacokinetic properties in sexually mature male monkeys
In order to better predict the potential efficacy of ODM-204 in human patients with CRPC, its pharmacokinetic properties were studied in primates. The data indicated that ODM-204 was well tolerated in sexually mature male cynomolgus monkeys after oral doses of 10-30 mg/kg. Exposures were dose-dependent and showed good drug absorption and similar metabolism at all used dose levels ( Figure 6F ). Testosterone levels were markedly reduced ( Figure 6A ) already after a single oral dose of ODM-204, irrespective of the dose group. DHEA levels decreased ( Figure 6B ) immediately with the doses 10 mg/kg twice daily and 30 mg/kg/day and remained lower than the control throughout the study. Also the levels of cortisol decreased ( Figure 6C ), however reduction was more distinct at later 10h time point. As expected, the concentration of both LH and progesterone increased ( Figure 6 D and E) dosedependently as a function of time. While the inter-animal variation was fairly large as
far as LH was concerned, the variation was in line with testosterone, and the effect on progesterone was unambiguous.
4 Discussion and conclusion Castration-resistant prostate cancer (CRPC) is characterized by high androgen receptor (AR) expression and persistent activation of AR signaling axis by residual tissue androgens, which are mainly produced by adrenals via de novo synthesis from cholesterol [27] . On the other hand, overexpression of AR [28] and the increase in progesterone, a weak AR agonist [29] , have been reported as one potential resistance mechanism to abiraterone therapy in metastatic CRPC [30] . Thereby, the dual inhibition of AR and CYP17A1 has been suggested to provide a more effective therapy than inhibition with either therapy alone [31] . Because of this, several phase III/IV clinical combination trials have been initiated with abiraterone and enzalutamide: ALLIANCE A031201 (abiraterone+enzalutamide in 1st line treatment of mCRPC, NCT 01949337), STAMPEDE arm J (abiraterone+enzalutamide in mCRPC, NCT00268476) [32] , and PLATO (abiraterone+enzalutamide after progression on enzalutamide, NCT01995513), the last one of which was, however, recently reported to be negative for its primary endpoint, progression-free survival [33] ODM-204, according to our preclinical models, exhibits AR antagonism at least on the similar level as enzalutamide [17] . In line with this, ODM-204 dose-dependently inhibits proliferation of two clinically relevant AR-dependent prostate cancer cell lines: 1) VCaP cells, which have an endogenous AR gene amplification leading to AR protein overexpression [34] typical for CRPC in vitro and in vivo, and 2) LNCaP cells, which express the T878A mutated androgen receptor [35, 36] . Additionally, dose dependent inhibition of steroid biosynthesis both in rat and human testicular microsomes and in cellular assays indicate that the efficiency of ODM-204 to inhibit CYP17A1 is similar to what has been shown for galeterone. Whereas abiraterone had significantly better CYP17A1 inhibitory IC50-values in vitro, we could not, however, demonstrate in vivo activity in VCaP prostate cancer models. This may be due to the finding that the preclinical VCaP model, and especially in the CRPC stage, high AR-levels in the tumors are observed [37] . This, combined with known species differences in the adrenal androgen synthesis [38] , might make VCaP model better suited for studing antiandrogenic compounds. In rat, ODM-204 further potentiated the effect of leuprolide acetate by dose-dependently suppressing testosterone production and decreasing the weight of androgen-sensitive organs. In primates, the endocrine regulation and secretion of adrenal steroids are very similar to that in humans, and, unlike other species, monkeys share very high homology with the human CYP17A1 enzyme [40, 41] . In male cynomolgus monkeys, ODM-204 showed favourable oral bioavailability and PK properties already after
single oral doses of 10-30 mg/kg. In line with in vitro data, ODM-204 induced dosedependent inhibition of both principal androgens T and DHEA, secreted from testicles and adrenals already after a single oral dose. In the following toxicological studies, ODM-204 was shown to be well tolerated (data not shown).
In conclusion, ODM-204 is a potent dual inhibitor of CYP17A1 and AR. It has activity similar to that of galeterone towards CYP17A1, and it also blocks AR action to the same degree as enzalutamide. The compound was shown to efficiently inhibit steroid biosynthesis in rodents and primates, and it presented promising antitumor activity in animal models of human prostate cancer. Further, it is possible that single agent medication, like ODM-204 having dual inhibitory properties, may provide benefit in CRPC patients, due to the lack of drug interaction potential unlike with treatment combinations [42] and/or the pharmacokinetic exposure benefits. Taken together, ODM-204 has therapeutic potential to be an effective treatment of CRPC. A) The effect of ODM-204 (3, 10, 30 or 100 mg/kg), abiraterone (Abi) (30 mg/kg) and galeterone (Gal) (30 mg/kg), on testosterone-synthesis pathway in hCG-injected male rats. Mean + SD, n=5. Statistically significant differences were observed between the vehicle control and the treatment groups by Dunnett´s test. In intact male rat model ODM-204 suppresses the testosterone (B) and the LH (C) production and suppresses the weight of prostate (D) and seminal vesicles (E). Mean + SEM, n=9. ** p<0.01, *** p<0.001 versus intact or ORX control by Dunnett´s test 
